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Introduction:
In recentyearstherehasbeenmuchfocusontheopticalnearfieldandits
interestinganduniqueproperties.Thenearfielddesignatestheregiondirectlyabovethe
surfaceof anobject(roughlyhalfof awavelength)andis characterizedby anevanescent
field(insteadpropagatingphotons)inwhichtheintensitydecaysoff exponentiallyfrom
thesurface.Thischaracteristicof thenearfieldof beingsurfaceboundhasleadtomany
advancesinphotonics[1],plasmonics[2],sensing[3],andspectroscopyof surface
species[4](surface-enhancedRamanspectroscopy,surfaceplasmonresonance).
Evenwithmanyadvancesanduses,relativelylittleisknownabouthespatial
distributionofthenearfield.Thenearfieldscanningopticalmicroscope(NSOM)has
beenimplementedtomakemeasurementsofthenearfieldanditsintensitydistribution
[5,6].WithinstrumentssuchasNSOM,theinstrumentresponseisachallengefor
interpretingtheexperimentalresults.Moreover,proximityNSOMprobesarehardto
controlin theirnearfieldopticalproperties.Hereweintroduceanewwayto directly
determinethedistributionofthetransmittedlightthroughnanoapertureswithoutusinga
physicalprobe.
NanoapertureshavestirredanintenseinterestafterEbbesen'sdiscoveryof
enhancedtransmissionthroughanarrayofsubwavelengthapertures[7-9].Morerecently
Kwaketal.haveshownthatnanoapertureswithdiameterssmallerthantheincident
wavelengthof lightgenerateintenselectricalfieldgradientscapableofovercoming
Brownianforcesandtrappingsmallparticlesinaliquidwithafractionofthelaser
intensityrequiredforclassicalopticaltweezers[I 0,11].
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In thisinvestigationwefabricatedrandomlydispersednanoaperturesinametal
filmbynanospherelithographyandirradiatedthembyUV light.Thefielddistributionat
theoutputoftheapertureswasmappedintoachemicallyamplifiednegativetone
photoresist.Bytuningtheexposuretimeofthelight,differentintensitycontourshave
beenmappedintothreedimensionalpolymericnanostructures.Thestructureswerethen
coveredwithathinlayerofgoldandstudiedinascanningelectronmicroscope(SEM).It
wouldbepossibleinthefuturetoprovidexperimentalmeasurementsofthenearfield
withtheaidof thesenanostructuresandwithouttheneedof physicalprobes.
ExperimentalSection:
Nanospherelithography(NSL)wasusedtosynthesizerandomlydispersed
nanometerscaleaperturesinametalfilm.Comingglasscoverslips(No.1,24x30mm)
werepreparedbycleaningthemin aquaregia(3:1stocksolutionsofHCI andHN03
respectively)for1houratroomtemperature.Thecoverslipswerethenrinsedinwater
(18MQ'cm,Millipore Super-Q)followedby acetoneandsubsequentlysonicated
(Branson200Ultrasonicleaner)for15minina3:1solutionofacetoneandmethanol.
Aftersonicating,thecoverslipswererinsedwithacetoneanddriedinastreamof
nitrogen.Inordertopromotetheadsorptionofthemicrospheresthecoverslipswere
hydrolyzedinasolutionof0.01M NaOHfor20min,followedbyawaterinseand
sonicationi waterfor5mintohelpremovexcessaltsthatremainonthesurface.The
covers1ipswerethenrinsedwithwateranddriedinanitrogenstream.Variousdiameters
ofpolystyrenemicrospheres(114,202,356,477,and771nm,PolyScienceInc.)were
placedonthecoverslipsbyadding200J-t1of asolutionofthe suspendedmicrospheres
thathadbeendilutedto 10-4%(w/v)polystyrenein water.Afterwards,thesampleswere
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driedinlowvacuum(1torr)leavingthemicrospheresadsorbedtothesurfaceofthe
coverslips.
Inthenextstepthesampleswerecoatedwith~ 10nmofachromiumadhesion
layerfollowedbyaluminumusingthermalevaporation(CVE-20filamentevaporator).
Thethicknessesofthelayersweremonitoredusingaquartzmicrobalance(STM-
100/MF,Syconinstruments).Inordertoachievewelldefinedaperturesthetotal
thicknessoftheCrandAI coatingwasmaintainedtobeslightlylessthantheradiusof
themicrospheresusedforthegivensample(Figure1).Thisenablestheeasyremovalof
themicrospheresviasonicationi methanolfor1.5minanddryinginnitrogen.
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Figure 1: Showstheproper (A)andimproper(B)wayofcoatingthemicrospheresduringthe
fabricationof theaperturesbynanospherelithographyso thatthespherescanbeeasilyremoved.
Theapertureswerethencoatedwithathinfilm(10-1511m)ofthenegativetone
photoresistSU-82010(MicroChem)byspinningat1000rpmfor60seconds(P6708,
SpeedlineTechnologies).Thesampleswereprebakedfor1minat60°Cand3minat
95°C(575Digitalhotplate,VWR).AfterwhichtheSU-8wasexposedusingamercury
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arclamp(SpectrolineIISC-l OP,SpectronicsCorp)forvariousexposuretimes(Figure
2).Thesampleswereheldatafixeddistanceof25.4mmawayfromthelampwhichhad
anintensityof0.5mW/cm2at365nm.Aftertheexposure,thesampleswerepostbaked
byrampingat-35°C/minandholdingfor5minat95°Cand,subsequently,immersedin
SU-8developer(MicroChem)for3minwhileagitatingwithaslightswirlingmotionto
promotecompletedeveloping.Thesampleswerethenwashedbyimmersingthemin
isopropylalcoholanddryingunderlowvacuum(1torr).Theresultingfeatures,orpillars,
werethensputtercoatedwitha-10 nmlayerofgold(E5100,Polaroninstruments)and
analyzedinascanningelectronmicroscope(1430,LEO).Micrographsweretaken
lookingatthefront,side,andtopofthepillarsundermagnificationsrangingfrom1kX
to90kX.
exposed
photoresist
~
AI film
L
glass
sUbstrate.
- - ...
'" ,, ,
/ \
I \
I "'-"', \
I / \ I
I I \ I
I I I I
I I ~ ,I
I I , '- I I
::: \:: 1~ ;:"ap:ure"
i i i i
UV light
Figure 2: Schematicofexperimentalsetupwherenanometerscaleaperturesin ametalfilm ona
glasssubstratewereusedasa "mask"for photolithography.Thenegativetonephotoresistwasthen
exposedthroughthemetalfilm maskfor variousexposuretimeswhichresultedinfeaturesofvarying
dimensions(representedbythedashedlines).
ResultsandDiscussion:
Thepurposeofthisinvestigationwastoexperimentallydeterminethelight
intensitytransmittedthroughnanometersizedapertures.Wevariedthesizeofthe
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microspheresthatwereusedinthefabricationoftheaperturessoastospanboththe
near-andfar-fielddominatedregions.Thediametersof themicrospheresthatweusedto
generatetheaperturesinthisworkwere114,356,477,and771nm(the477nm
microspheresweresulfatefunctionalizedwhileall othermicrosphereswere
unfunctionalizedpolystyrene).Figure3 showsmicrographsoftheresultingpillarsITom
thissetofaperturesataconstantexposuredose(3min).
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Figure 3: Comparisonof thepillars resultingfromvaryingtheaperturesizefrom thenearfield
(a)& (b)to thefar field dominatedregimes(c)& (d).Theshownfeatureswereexposedtothesamedoseof
UV lightfromourexposuresetup.All micrographsweretakenat 19.2kX magnification,810tilt angle,tilt
corrected,andwithdynamicfocusenabled
Theexposuresthroughthe114nmaperturesdidnotresultin measurablepillars.
Thiswasduetothemetalfilmbeingtoothintogivegoodattenuationftheincident
light.Wefoundthatitwasdifficultogetselectivepolymerizationthroughtheapertures
whenthemetalfilmwascomposedof7 nmofCr and40nmofAI,whichwasthe
thickestfilmpossiblewithnanospherelithographyfor114nmapertures.Thereseemedto
beevidenceofpolymerizationthroughoutthebulkoftheSU-8photoresist.Therefore,it
wasverydifficultoidentifythepolymerizationemanatingITomtheapertures.Forall
otherapertures,thepenetrationof thetransmittedintensityintothephotoresistlayer
increaseswithaperturesize(Figure4b).Thegeneralshapeofthepillarsdifferswith
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aperturesizewherebythepillarsgeneratedfYomthesmallerapertures(Figure3a,b)were
morecylindricalthanpillarscreatedusingthelargerapertures(Figure3c,d).
Wealsoprobedtheeffectoftheexposuretimeonthepillarsize.Weconsidered
exposuretimesof 1,3,10,and30min.By varyingtheexposuretimewewereableto
replicatetheisointensitysurfacesofthetransmittedlightthroughtheaperture.The
photoresistSU-8hasawelldefinedenergydensitythreshold(mJ/cm2)for
polymerization,whichisdemonstratedbytheabilitytoproducextremelystraight
sidewallsinconventionalphotolithographicprocesses[12].Thisenergydensitythreshold
isdependentonresistprocessingconditions(i.e.,prebake,xposure,postexposurebake,
anddevelopment)andthetypesof featuresmade(i.e.,pillarsexposedthrough
nanoaperturesversuslargemicrofluidicchannelswherepolymerizationisneededtospan
thewholeSU-8film).Bykeepingtheresistprocessingconditionsconstant,theenergy
densitythresholdwasconstantandtheoutermostsurfaceofthepillarscharacterizedthe
spatialdistributionofthethreshold.Theexposuretimeneededtoreachagivenheightis
inverselyproportionaltotheirradiance(mW/cm2)receivedbythepolymeratthatheight.
Theirradianceisalsoproportionaltothesquareoftheelectricfieldwhichcharacterizes
theisointensitysurfaces.Therefore,byincreasingtheexposuretimewemoldelectric
fieldisosurfacescharacterizedbysmallerintensities.Wecanthenobservethetrendsin
thedimensionsof thepillars(Figure4a)andcorrelatethemto similartrendsin
isointensitysurfaces.
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Figure 4: Variationofthepillar heightswith(a)exposuretimeand(b)aperturediameter.The
errorbarsare*-13for at least20pillars.
Ifwe consideredtheaperturesa apointsourceandconsideredfarfield
approximations,thepillarheightis proportionaltot1/2andd,wheret is exposuretimeand
disaperturediameter(Equation2).
<Dth=
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Equation1rearrangedforzyields
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where<I>this energydensitythresholdoftheSU-8,Iois radiantpowerofthelamp,Tis
transmittance(whichisproportionaltod),andz istheheightofthepillar.Therefore,the
changeinpillarheightwithtimeandaperturediameterwouldbothshowupaslinear
trendsonthegraphsinFigure4(logofexposuretime).Weobservedthathelarger
diameteraperturesshowgoodlinearity(R=0.999,0.990for771and477nm
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respectively),whilethesmallerapertureshavea slightdeviationfromlinearity(R=0.952,
0.986for356and202nmrespectively).Thequalityofthefitforthe356nmaperturesi
low,andcanbeexplainedbythefactthathe30minexposureisnotconsistentwiththe
restofthedataandthereforeappearstobeananomaly.Wecanthereforeseethathe
largeraperturesizesandlongerexposuretimesbehavelikethefarfieldwithrespectto
theheightofthepillarswhereasthesmallersizesandshortertimesmayhaveother
influencesthatcausethisdeviationfromlinearity.Yet,if theapertureswerestrictly
behavingasafarfieldemitter,theywouldtendtoemitasadipole.Theshapeofour
pillarsisnotexactlywhatwouldbeexpectedfromafarfieldemitter,andtheinfluences
of thenearfieldcouldbecontributingtothisdifferencein shape.
The 1minexposureshadevidenceof polymerizationin andaroundtheapertures
butstandingpillarswereonlyachievedforthe771nmaperturesatthatexposuretime.
Furtheresistprocessingwouldberequiredinordertoachievestandingpillarsforthe
otheraperturediametersat1minexposure.The1minexposuresthatdidnotresultin
standingfeatures(202,356,477nmapertures)wereconsideredasaheightof0nm.
FromthedatapresentedinFigure4,webelievethisnear-fieldphotolithographic
techniquecanbeusedforfabricatingnanoscalef aturesofvaryingdimensions.Thiscan
beaccomplishedsimplybytuningtheexposuretimeandaperturediameter.Figure5
showsthedatafromFigure4projectedintotheaperturediameterandexposuretime
plane.Superimposedontheplotisacontourplotgeneratedbylinearinterpolationfthe
datainFigure4.Suchplotscanbeusedtoguidetheexperimentalconditionsneededto
fabricatenanoscalefeaturesof desireddimensionsforvariousapplications[13].
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Figure 5: Contourplot of thelinearlyinterpolatedatafromFigure4. Thecontoursarein units
of microns,andthesymbolsrepresenthedatafromFigure4.
Anotherinterestingresulthatwefoundwastheeffectofpolarizedlightonthe
shapeofthepillars.Fortheexposurestepofthepillarfabrication,weusedpartially
polarizedlight(Ix/ly=1.5).Thepolarizedlightcreatedasymmetricpillarswhoseface
paralleltothedirectionofpolarizationiswiderthanthesideorthogonaltothe
polarization(Figure6).
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Figure 6: SEM micrographsof thesametwoasymmetricpillars (771nmaperture,3 min
exposure)shownfrom thefront, sideandtop.All threemicrographsweretakenat 13.5kX magnification,
andfigures(a)& (b)weretakenat81°tilt angle,tilt corrected,andwithdynamicfocuson.
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We measuredtheaspectratiooftheseasymmetricpillars(widthathalf-heightof
thefaceintheplaneofpolarization/sideorthogonaltothepolarization),andwefound
thathiseffectofasymmetricpolymerizationwasmorepronouncedastheaperture
diameterwasincreased(Figure7).Theaspectratiowasonlydependentontheaperture
diameter,andwasconstantwiththeexposuretimewithinexperimentalerror.Weexplain
thisfactbyconsideringthathelightcomingfromplacesontheaperturewallwherethe
incidentlightiss-polarizedis morestronglyattenuatedin farfieldwhereasp-polarized
lightsufferslessattenuation(Figure8).Intheregionclosetothesurfaceoftheaperture,
wherethenearfielddominates,thedifferencein attenuationof s- andp-polarizedlight
dueto scatteringofphotonsis notsoevidentbecausethenearfieldcontributesa local
evanescentfieldatthesurfaceof themetal.Yet, thisevanescentfielddiesoff quicklyso
thatasthepillarheightis increasedthereis lessevanescentcontributionandthe
differencein attenuationofthes- andp-polarizedlightwill bemoreprevalent.This
phenomenoncanbeseenatthebaseofthestructuresdevelopedin thefarfieldwherewe
noticethatthebasepresentscylindricalsymmetry.Thismaybeduetothetransmitted
lightclosetothemetalsurfacehavingmorecontributionfromthenearfieldthanthe
regionathalf-height.
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Figure 7: Variationof theaspectratio (widthmeasuredathalf-heightaffront/side)of the
asymmetricpillars withaperturediameter.For the3 and10minexposuretheaspectratiois constant
withinexperimentalerrorwithexposuretime.
p-polarized
s-polarized
Figure 8: Schematicof thetopviewof anaperture.Showshowincidentlightwithagiven
polarizationcanbeconsideredasboths- andp-polarizedwithrespectothewall of theaperture.
Conclusions:
Wehavesuccessfullydevelopedanewmethodfordirectlylookingatthespatial
distributionof lighttransmittedthroughnanometerscaleapertures.Furthermore,because
thismethodisaninexpensiveandtunablewaytogeneratenanometerscalefeaturesofa
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nonconductingmaterial,webelievethatseveralfieldsincludingnanoimprinting[14],
photonics,andsensingmayadoptsuchtechniques.
Presently,wearelimitedbynanospherelithographytoproduceapertureswith
smallerdiametersandsufficientlightattenuationbythemetalfilm.Therefore.weplanto
beginusingelectronbeamlithographytogeneratesmallerapertures(e.g.,50-100urn).
Wewouldthenbeabletoprobeevenfurtherintotheregimedominatedbythenearfield.
Electronbeamlithographyalsohastheabilitytoproduceorderedarraysof apertures.
Thismethodwouldprovideawayof lookingdirectlyatthetransmittedlightusing3
dimensionalpolymericnanostructures.Orderedarraysofnanostructuresmayhave
interestingspectroscopicpropertiesthatcouldbeusedin sensingandlightamplification.
Theeffectsof polarizedlightcanalsobeusedtogeneratedifferentsetsof asymmetric
featuresthroughthesamearrayofaperturessimplybychangingthedirectionof
polarization.
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